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Knowledge of the location of the grafted polymer is also highly important
both for elucidation of the mechanisms of the grafting process and to cor-
relate with the properties of the grafted fibers. Although studies on the lo-
cation of the grafted polymer in fibers are somewhat scaree, excellent use was
made of the electron microscope in this field by Arthur, Rollins, and their ,
CO-workers"‘" and Liggett et al.!? with grafting onto cotton and by Kaepp-
ner and Huang!® with rayon. Andrews and his co~workers'4 and Ingram
et al.’® have used the electron microscope for location of polyacrylonitrile
(PAN) and polystyrene in wool, respectively. The electron microscope has
been widely used in studies of connective tissue, and it has contributed

- much to the knowledge of the structure and distribution of collagen fibrils in
skin. With the electron microscope it is possible to determine the location of
grafted polymer in the collagen fiber in a much more detailed manner.
Electron-microscopic observations of grafted collagen fibrils and ultrathin
sections of fibrils were, therefore, undertaken in the present investigation
with the aim of locat;ing the graft copolymer in the collagen fibrils.

EXPERIMENTAL
V Materials

Monomers. Methyl methacrylate (MMaA), methyl acrylate (MA),
and n-butyl acrylate (BA) from Rohm and Haas; U.S.A., and acrylonitrile
(AN) from BDH, were purified by standard methods as described in the \
previous paper.! 3 ‘ i ,
 Enzymes. Pronase, B grade (Cal-Biochem, U.8.A.), trypsin (A. Co-

- stantino & C., Favria, Italy), and pepsin (A. Costantino & C., Favria,

Italy) were used without further purification. f

. Chemicals. Ceric ammonium -nitrate (CAN) and ceric ammonium
sulfate (CAS) (Puriss, Fluka) were used without further purification.

Other chemicals used were reagent grade.

Preparation of Collagen-Vinyl Graft Copolymers

In the case of collagen powder, the graft copolymers were prepared as
- described in our previous papers."—1*  For grafting on skins, an emulsion

- TABLEI

Charaéterization of Graft Copolymers Studied
. R . ‘ ! Per cent

. Substrate grafted Monomer - Sample Code grafting, 9,
Hide powder -~ MMA GG _ 159.6
Hide powder MMA GiC 20.0
Hide powder MMA GGy 120.0
‘Goat skin ‘MMA GS, - 107.0
Goat skin MA GS; 45.0

Goat skin n-BA GS; 64.0
Goat skin ¥ AN GS, ‘ 4.0
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copolymer was disintegrated in a glass fiber disintegrator using deionized
- water at'4°C, and a drop of the suspension of the fibril was placed on col-
lodion-covered speclmen grids. After drying over calcium chloride in a
desiccator, the specimen was shadowed with gold—palladium (60: 40) at an
angle of 14° and examined in a Siemens Elmiskep I.

Ultrathin Sectioning. Goat skins grafted with poly(MMA), poly(MA),
poly(BA), and poly(AN ) using the ceric ion aqueous emulsion technique
* were used for this purpose. The dried grafted goat skin samples were cut
into rectangular pieces approximately 5 mm X 2 mm in size. The univer-
sally employed methacrylate method was used for embedding the grafted
fiber bundles. After suitable ¢leansing and dehydration procedures, the
block was trimmed to have a perfectly plane square face with side equal to
0.5 mm. Sections about 250 A thick were cut, using a Porter-Blum ultra-
microtome fitted with a glass knife. Then the sections were ﬂoated in 409,
acetone and spread with xylene vapors. ’ _
~ The sections were mounted on the carbon-coated grids:: The samples
mounted on the specimen grids were stained with a 19, solition of phospho-
tungstic acid in a 1:1 ethyl alcohol-water mixture. All the samples were
scanned in a Siemens Elmiskop I operated at 80 kV and using both the
condensers and an objective, aperture of 50 microns. Typlcal fields were
~ photographed at instrumental magnifications of 6000 X and 8700 ; the

- calibration of the instrument-was checked, by using polystyrene datex
particles supphed by the Dow Chemical Co.; Midland, \/Ilch

_ RESULTS AND DISCUSSION
Infrared Spectra of Isolated Grafts

" The infrared spectra of the polyvinyl side chains isolated from collagen
- graft copolymers by dcid and enzymatic hydrolysis were expected to give
- additional evidence as to whether actual grafting had taken place. When
the products are true graft copolymers, the infrared spectra of the isolated
polyvinyl side chains will show typical bands of amino acid residues and
- those of the grafted polymer. The infrared spectra of a number of grafted
side chains isolated from collagen graft copolymers by both acid and en~
- zymatic hydrolysis were therefore examined. Since the extent of hydroly-
sis of denatured collagen will also depend on the nature of the enzyme, a
number of proteolytic enzymes were used in the present study to digest the
collagen backbone of the graft copolymers.-
As a representative sample, the infrared spectra of the xsolat.ed poly-
~'(MMA) side chains obtained by enzymatic and acid hydrolysis along with
the ‘methyl methacrylate homopolymer are shown in Figures 1-5.- The
 infrared spectrum of untreated collagen is given in Figure 6. In the grafted
side chains isolated by acid hydrolysis, the characteristic amide absorption
bands at 1550 and 1660 cm~! are not seen prominently, whereas in the
grafts isolated by the enzymatic methods, the charactenstlc absorption
“bands of the amide groups are very prominent. This is to be expected
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~ beeause the proteolytic enzymes will give rise to longer fragments attached
to the end of the grafted polymer, and hence the absorption bands for the
peptide amide bands will be more prominent in these cases. The absorp-
tion bands of the amide groups are more prominent in the case of grafts
isolated by pepsin and trypsin digestion than in the case of grafts isolated by
pronase. This shows that the grafts isolated by pepsin and trypsin have
longer fragments of the collagen trunk attached to the end of grafted. poly—
mer chains. This is also in accordance with the spec1ﬁcxty of the enzymes; ‘
pronase, owing to its broad specificity, iscapable of hydrolyzmg the col-
lagen trunks more ‘extensively than the other two enzymes.. These results
were also further corroborated by the nitrogen conténts of the isolated
grafts; - the nitrogen contents in the different isolated graffs were found to
be in the following order: ‘pepsin > trypsm > pronase > acid hydrolvsxs

The failure of the grafts isolated by acid. hydrélysxs to &how the character-
istic amide bands may- be attributed to thie fa.ct.that the molecula.r weight
of polyvinyl branches’ were too high and the a,ttached ammo acid residues
were t00 few to be detected by infrared spectroscopy

Electron Mlcrosoopy of Grafted Collagen Fibers and Goat Skms :

: Electron microseopy of collagen grafted with poly(MMA) at two dif-
ferent percentages of grafting indicated variations in the appearance of the
fibrils. In the sample containing about 20% polymer, cross-striations are
still visible (Fig. 7), while in that containing a high amount of polymer
(above 1009,), cross-striations were found to be absent. The absence of
striations in this case may be attributed to the coatlng of the fibrils which
might have been caused by the higher per cent grafting.

Ultrathin sections of goat skin grafted with different vinyl polymers were
examined by electron microscopy to determine the location of the grafted
polymer in the fibrils. The electronlmlcrographs of ultrathin sections of the

~grafted samples are given in Figures 8-11. In these figures,-both longi-
tudinal and cross sections of collagen fibrils are shown. Samples treated
with poly(MMA) yield fibrils whieh; in longitudinal section, exhibit proto-
fibrils or groups of them which seem to be spiralling around the axis of the
fibrils (Fig. 8). These sections, however, do not show cross-striations.
These results would indicate that the polymer has penetrated into the
fibrils. - In Figure 9, cross sections of the fibrils from the same sample are
seen. These sections confirm the observation on the longitudinal section,
as cross sections of the protofibrils or groups of protofibrils can be seen
within each fibril. :

-Treatment with poly(MA) yielded sections of collagen fibrils which had
an appearance similar to that obtained in the case of treatment with poly-
(MMA). -

Figures 10 and 11 are electron micrographs of sections of colla.gen fibrils
from samples treated with poly(BA). In Figure 10, the longitudinal sec- -
tions of the fibrils appear completely coated. Figure 11, which shows cross
sections of fibrils, confirms this observation. One can conclude from this
that polymer deposition has taken place throughout the fibrils. - Sections of
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Fig. 9. Electfon'micrograph of cross section of fibrils from goat skin grafted with 1079,
- PMMA (sample GS,).stained with 19} PTA. 16,300 X

ST E ; o ﬁ

Fig. 10 Elecgcﬁn micrograph of longitudinal section 'of fibrils from goat skin grafted
-with 649, PBA (sample 655;) stained with.19, PTA. 17,400%

cblla,gen fibrils graftéd with poly(AN) were found to be similar in appear-
ance of those obtained from poly(BA) grafted samples,



Fig. 11. Electron micrograph of cross txon of ﬁbrlls from goat skin grafted with 649
) . ‘PBA (bample GS;) stained with 1¢, PTA. 16,300 X.

Hence it would ap'pear‘that the poh mers studied in this investigation fall
into two groups, each of them giving a different appearance of the fibrils in
the eclectron mwro»cope The combined phymea.l and chemical evidence
indicates that the poh mers formed on collagen are chemlca.lly bound to the
collagen molecules a.nd that these po]vmers h&ve penetrated into the fibrils
1(‘sultmg in the ma,skmg of the CI'OSS-th‘IatIOHS
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“This paper is taken in part from the doctoral thesis of K. Panduranga Rao, ‘subrmnitted
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